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2 1 2
TCA
(Fig. 0-2)  
tod bph
 6 
tod bph (Fig. 0-3)
(Leahy et al., 2003)
integrative and conjugative element 







Fig. 0-1.  
(Resnick., et al 1996)  
 
 
Fig. 0-2.   



















































































Fig. 0-3.  (Fukuda et al., 1994) 
(A) tod  
(B) tod bph  


































B. xenovorans LB400 bphA1  bphA2 A3 bphA4
todC C2 B todA todD todE
65% 63% 56% 52%
 9 
2.  
(Ogawa et al., 2003)  
99%
(Torsvik et al., 2002)
DNA
DNA DNA
(Suenaga, et al., 2012)















(Sato et al., 2005) Mesorhizobium loti MAFF303099 mlr5434 (
LinB 48% identity)




























 (Ono et al., 2007) P. 
putida G7 G7
NAH7(Fig. 0-5)








nahAc 200 kb pFKY1 pFKY1







Fig. 0-5. P. putida G7 NAH7  





Fig. 0-6. P. putida G7  
naphthalene (1), cis-naphthalene dihydrodiol (2), 1,2-dihydroxynaphthalene (3), 
2-hydroxychromene-2-carboxylate (4), cis-o-hydroxybenzalpyruvate (5), salicylaldehyde (6), salicylate (7), 
catechol (8), 2-hydroxymuconic-semialdehyde (9), 2-hydroxyhexa-2,4-diene-1,6-dioate (10), 
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1   
 
1-1  
(Choi et al., 2003; Ensley et al., 1983)
(Fig. 1-1)
(nahAc) P. putida 
KTSK2 (nahAa) P. putida G7 nahAa dl (Table 1-1)






(Difco) Burkholderia multivorans Sinorhizobium meliloti P. putida 1/3LB
M9 SOC
Table 1-2 1.5% 
(w/v) (Ap) ; 
100 µg/ml  (Km) ; 25 µg/ml   (Tc) ; 20 µg/ml  ; 100 
µg/ml  (Tp) ; 50 µg/ml  (Cm) ; 5 µg/ml
1 mM 5-bromo-4-chloro-3-indolyl-β-galactopyranoside (X-gal) 20 µg/ml
X-gal Burkholderia multivorans
Sinorhizobium meliloti P. putida 30 E. coil 37
























Table 1-1.  
 
  
Strain or plasmid Relevant characteristics Reference of source 
Strains   
E. coli 
  DH5a recA1 endA1 gyrA96 thi-1 hsdR17 supE44 relA1Δ(lacZYA-arg F) Φ80lacZ ΔM15 Sambrook et al., (1989) 
XL1 Blue-MR Δ (mcrA)183 Δ (mcrCB-hsdSMR-mrr)173 endA1 supE44 thi-1 recA1 gyrA96 relA1 lac Stratagene 
HB101 hsdS20 recA13 ara-14 proA2 lacI1 galK2 rpsL20 xyl-5 mtl-1 supE44 Maniatis et al., (1982) 
   P. putida 
  G7 Wild-type strain carrying NAH7, Nah+ Sal+ Yen and Gunsalus (1982) 
G7 nah dl nahAa deletion mutant (2011) 
KT2440 defective in host restriction system Bagdasarian et al., (1981) 
KTSK2 KT2440S chromosome::Tn4655nahAc::Kmr Ono et al., (2007) 
   B. multivorans ATCC17616 soil isolate; genomovar II of the Burkholderia cepacia complex (Bcc) Nagata et al., (2005) 
S. meliloti Δhsd hsd gene was substituted by SpR/SmR resistance cassette H. Mitsui 
   Plasmids  
  pKS13 Tcr, RK2 replicon; cos PK2oriT Kimbara et al., (1989) 
pKS13S pKS13 derivative carrying ScaI site between BamHI and HindIII sites Ono et al., (2007) 
NAH7 Tra+ Nah+ Sal+ IncP-9 Sota et al., (2006) 
NAH7K2  NAH7 nahAc::kan Ono et al., (2007) 
pSLX928-6  Tcr pKS13S derivative containing a nah upper operon Ono et al., (2007) 
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Table 1-2.  
   
LB    
 
M9    
per liter;   
 
per liter;   
Bacto tryptone 10 g 
 
KH2PO4 3.0 g 
Bacto yeast extract 5 g 
 
Na2HPO4 6.0 g 
NaCl 5 g 
 
NH4Cl 1.0 g 
pH 7.0   
 
NaCl 0.5 g 
   
MgSO4 0.25 g 
   
CaCl2 0.01 g 
     
     1/3LB    
 
SOC    
per liter;   
 
per liter;   
Bacto tryptone 3.3 g 
 
Bacto tryptone 20 g 
Bacto yeast extract 1.7 g 
 
Bacto yeast extract 5 g 
NaCl 5 g 
 
NaCl 0.5 g 
pH 7.0   
 
5N NaOH 0.2 ml 
   
1M MgCl2 10 ml 
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(2) DNA  
Takara New England Biolabs
DNA Sambrook  (Sambrook et al., 1989)  
 
(3) DNA (Kit ) 
 E. coli Quantum Prep Plasmid Mini prep Kit (BIO-RAD)  LaboPassTM 
Plasmid Mini (COSMO Genetech) PureYieldTM Plasmid Midipreps System (Promega)
 
 
DNA ( ) 
 
Solution I               10 mM         Tris-HCl (pH8.0) 
                        1 mM         EDTA 
                       10 mM         RNase A 
Solution II                0.2 N         NaOH 
                     1 % (w/v)         SDS 
Solution III                5 M         Potassium acetate (pH4.8) 
TE buffer               10 mM         Tris-HCl (pH8.0) 





1.5-2 ml 1.5 ml  
100 µl Solution I 5  
100 µl Solution II  
150 µl Solution III 14,000 × g 10  
1.5 ml  
15,000 rpm 10 1.5 ml
 
900 µl 100% 15,000 rpm 10 min 4
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400 µl 70  






STE buffer                 10 mM         Tris-HCl (pH8.0) 
                         100 mM         NaCl 
                           1 mM         EDTA 
PCI  TE phenol : chloroform : isoamylalcohol = 25 : 24 1 (v/v) 
RNase A    10 mg/ml          RNase A 
                         50 mM          Acetate buffer (pH 5.0) 
 
 
 20 µl STE buffer  
 20 µl PCI 15,000 rpm 10  
 RNase A Dye  
 
(5) Polymerase chain reaction (PCR)  
PCR ExTaq PrimeSTAR HS DNA Polymerase (Takara Bio) KOD -Plus-( )
PCR i-Cycler (BIO-RAD) 




(6) DNA ligation 







Table 1-3.  
Primer Sequences (5'→3')  Amplification Target 
nahAcfor TGGCGATGAAGAACTTTTCC region of nahAc 
nahAcrev AACGTACGCTGAACCGAGTC region of nahAc 
nahAafor GGAACTTCTCATACAGCCAAAC region of nahAa 
nahAarev GATTCCACCGGGATAGAAG region of nahAa 
pA6-1oxy_FW GAAGCGAGTTGCCGTCATC region of orf15 (pA6-1) 
pA6-1oxy_RV CATTGAGATAACTCTCCAGCG region of orf15 (pA6-1) 
DHFR-1 FP-1 FW GGCGGAAACATTGGATGCGG Transposon Insertion Site 
DHFR-1 RP-1 RV GACACTCTGTTATTACAAATCG Transposon Insertion Site 
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(7) Agarose gel DNA  
DNA Tris-acetate-EDTA (TAE) buffer 0.8-1.5% LE Agarose
 ( ) 100 V Agarose gel DNA
QIAEX II Agarose Gel Extraction (QIAGEN)  
 
(8) DNA  
DNA ABI PRISM Big Dye Terminator Cycle Sequencing Ready Reaction Kit  




CDS DNA GenomeMatcher (Ohtsubo 
et al., 2008) CompareSequences NCBI BLAST 
search Alignment DDBJ ClustalW
(http://clustalw.ddbj.nig.ac.jp)  
 
(10) E. coli  
 (CaCl2 ) 
 
LB 
TF buffer           15 mM            CaCl2 H2O    
                   55 mM            MnCl2 H2O 
                  250 mM            KCl 
                   10 mM            PIPES (pH 6.7) 
Dimethyl Sulfoxide (DMSO) 
 
E. coli DH5a LB 37  
200 ml LB 400 µl 1 ml 2M MgCl2  
18 100 rpm OD600  0.25 ( 48 )  
10 ( 4 ) 
2,700 × g 10  
60 ml TF 2,700 × g 10
2  
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16 ml TF 1.2 ml DMSO  
1.5 ml  
-80  
 




42 1 2  




GENE PULSER (BIO-RAD)  
-80 (OD600 = ~1.0) 200 µl 5 ml LB 1/3 LB
 
37 30 3-5  
10  
( 4 ) 
(8,000 rpm 4 2 )  
1 ml DW 5-6  
50 µl DW  
DNA  
DNA-  
GENE PULSER 1 mm 1.8 V 20 Ω 25 µF
 
1 ml SOC  
37 30  










 E. coli HB101(pRK2013)  
 1 ml 9,000 × g 1  
 500 µl 9,000 × g 1  
 1 ml 1/3LB 9,000 × g 1  
 1/3LB 2  
 100 µl 1/3LB 1/3LB 30  
 30 37 10-18  
 
(14) in vitro  
 in vitro transposon mutagetanesis kit (EPICENTER)
(Tpr)  
 E. coli DH5α  
 DH5α P. putida
 
 1/3 LB-Tc-1 mM 
 
 DH5α  
 DH5α DHFR-1 FP-1 FW DHFR-1 RP-1 RV
 
 
(15) Southern blot (DIG) 
Probe  
 
DIG-HighPrime (Roche Applied Science) 
 
Probe DNA PCR  
DNA  
DNA 8 µl DW  
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100 10 DNA  
2 µl DIG-High Prime  
37  
20 µl DW  
100 10 DNA  




0.5 M       NaOH 
                          1.5 M       NaCl 
0.5 M       Tris-HCl (pH 7.2) 
                          1.5 M       NaCl 
                        0.001 M     EDTA 
20 × SSC                  3.0 M       NaCl 




0.25 M HCl  
30 × 2  
15 × 2  
 
20 × SSC Hybond-N+ 
(Amersham Bioscience) DNA  
GS GENE LINKER 




Hybridization buffer      5 × SSC 
                      1%      Blocking reagent (Roche Diagnosics) 
                         0.1%     N-Lauroylsarcosine sodium salt 
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                         0.02%     SDS 
 
Hybridization DNA  
10-20 ml Hybridization buffer 50  (high stringency 68 ) 1
pre-hybridization  





20 × SSC solution 
20% SDS 
Washing buffer 0.3% (v/v)  Tween 20 in maleic acid buffer 
Maleic acid buffer  0.1 M   Maleic acid 
         0.15 M     NaCl 
                             (NaOH pH 7.5 ) 
Blocking sol.       1% (w/v)     Blocking reagent in maleic acid buffer 
                  ( 10 × Blocking sol. 10 ) 
 hybridization buffer 1-5  
 blocking buffer 30  
 ( DIG blocking buffer 10,000-20,000 ) 30
 
 buffer 15 ×2  
 buffer 2-5  
 100 CDP-star
 




 KTSK2 3 ml LB-Tc 37 12  
 10 ml 1/3 LB-Tc 1% 30 12  
 5 ml PBS (phosphate-buffered saline) 3  
 30 
 30 mg/ml PBS  
(17) GC-MS  
 (GC-MS) GCMS-QP2010 




DMSO ) 0.2 mM 300 rpm 30 20
(IWAKI #84-0233-3
#84-0253-3)  
 20 1 N 10%  (
5 ppm γ-HCH )  
 GCMS-QP2010
γ-HCH KT2440 (pKS13S) 
 
 




 G7 nah dl 3 ml 1/3LB-Tc 30 12  
 10 ml 1/3LB-Tc 1% 30 12  
 5 ml PBS 3  
 30 mg/ml PBS  
 200 µl 0.5 mM 300 rpm 30 20
(IWAKI
#84-0233-3 #84-0253-3)  
 1 N 10% (
5 ppm γ-HCH )  
 GCMS-QP2010






 DNA E coli DH5α P. putida 3 ml LB-Tc
37 1/3LB-Tc 30 12  
 1 ml LB-Tc 1/3LB-Tc 10 ml 37
30 48  
 100 µl 1.5 ml 15,000 × g 2 min  
 N,N-dimethylformide 300 µl 5 min
 





(Fig. 1-2)   
 32 
Table 1-4. (GC-MS)   
 DB-17 (30 m by 0.25 mm by 0.25 µm; J&W Scientific)   
[GC-2010]  
  
 100  
 






  88.1 ml/min  
 
   
[ ]  
  
     
− 100 1 
30 250 5 
− 250 3 
   








   






























1 mM (Fig. 1-3)
PCR
(Marinobacter pdoA: Iwai et al., 2006) 7 (Fig. 1-4)
PowerMAXTM Soil DNA Isolation Kit (MO BIO) DNA DNA T4 DNA 
polymerase pKS13S (Fig. 1-5)  ScaI SAP (shrimp 
alkaline phosphatase) ligation in vitro packaging kit 





(1 10,000 ) 30
80% 25 kb 5.2 Gb
(Fig. 1-6)  
 
(2) (nahAc)  





13  pA6-1 pA6-2 pA6-3 pA6-4 pA6-5 pA7 pA8-1 pA8-2 pA8-3
pA8-4 pA15-1 pA15-2 pA20 Pseudomonas α- β-
Sinorhizobium Burkholderia




(Fig. 1-7) pA20 12
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EcoRI XhoI BamHI HindIII pA20 12
(Fig. 1-8)  
 
(3) in vitro pA6-1 pA20
 
nahAc 13 pA20 2




















Fig. 1-3. GC-MS  
 
 













































Polluted soil_1 (M_1) 




























































Table 1-5.  
Host Number of clones screened 1st screening a 2nd screening b   
P. putida KTSK2 48578 13 13 
B. multivorans ATCC17616 68429 1 0 
S. meliloti Δhsd 5183 0 - 
a1/3 LB-Tc-  
b DNA  
 
 
Fig. 1-7. nahAc  
(A) EcoRI  
(B) (A) nahAc  
nahAcfor nahAcrev PCR P. putida G7 nahAc 992 bp















N; negative control 
     (pKS13S) 
P; positive control 
     (pSLX928-6) 





Fig. 1-8.  
EcoRI XhoI (A) BamHI HindIII (B) 
 
 
Fig. 1-9. pA6-1 pA20  
(OD 610) Fig. 1-1 
SD N.D. =Not Detected 
A) 
 M     1     2      3     4     5       6      7     8      9     10    11   12    13    N 
B) 
M; marker 













N; Negative control 



































Fig. 1-10. nahAc  
(A) BamHI HindIII  
(B) (A) pA6-1
 
pA6-1_oxy_FW pA6-1_oxy_RV PCR pA6-1
(1330 bp) DIG

















N; Negative control 
     (pKS13S) 
(A) 
(B) 
 M    1     2      3     4     5      6     7     8     9    10    11   12   13    N 
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(4) (nahAa)  
G7 NAH7 nahAa
G7 nahAa dl DNA







pB2-1 pB2-2 pB2-3 pB4-1 pB4-2 pB5-1 pB5-3 pB6-1 pB6-2 pB7-2
6 pB4-5 pB4-7 pB5-2 pB6-3 pB7-1 pB8-1 ( , 2011)  
10 nahAc
pA6-1 FMO
10 5 (pB2-1 pB2-2 pB2-3 pB5-3
pB6-1) (Fig. 1-12) 5 nahAc
5
EcoRI BamHI pB4-1 pB5-1 pB4-2 pB6-2






Table 1-6. nahAa ( , 2011) 
 
a1/3 LB-Tc-  
b  
c (G7K2)  
 
 
Fig. 1-11. nahAa EcoRI XhoI




Host No. of clones screened 1st screeninga 2nd screeningb 3rd screeningc
P. putida G7 nah dl 53,437 20 16 10
M      N      1        2        3       4        5        6       7        8        9       10    11   12   13    14   15    16   M; marker 
N; Negative control (pKS13S) 
1; pB2-1    10; pB5-3 
2; pB2-2    11; pB6-1 
3; pB2-3    12; pB6-2 
4; pB4-1    13; pB6-3 
5; pB4-2    14; pB7-1 
6; pB4-5    15; pB7-2 







 Fig. 1-12. pA6-1  
(A) BamHI HindIII  
(B) (A) pA6-1
 
pA6-1_oxy_FW pA6-1_oxy_RV PCR pA6-1
(1,330 bp) DIG Hybridization
low stringency (50 )  
 
Fig. 1-13.  
EcoRI HindIII (A) EcoRI BamHI (B) 
 














N; Negative control 
(pKS13S) 










N; negative control 
(pKS13S) 
P; positive control 
(pSLX928-6) 
M    1    2    3    4     5    6    N   P    M 
(B)  (A)  
M    1    2    3    4    5   6   N   P    M 
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(5) in vitro  
3 (pB5-1 pB6-2 pB7-2) in vitro 
100
pB5-1 215 pB6-2 22 pB7-2
41
pB5-1 Cupriavidus necator JMP134
92% identity pB6-2 pB7-2 Bradyrhizobium sp. 
WSM1253 CoA Pseudomonas sp. M1 CoA 
81%, 61% identity pB4-1 pB4-2
pB5-1 pB6-2
 (data not shown)
10 nahAc (KTSK2)
4
pB5-1 ( 3 )
pB6-1 pB7-2
( 4 )  
 
(6) nahAa  
6
pB4-7 pB7-1 pB6-3 pB8-1  (Fig. 1-14) 
6
4 P. putida G7 nahAa
nahAa
4 nahAa
 (Fig. 1-15) NahA
pB5-2 pB6-3  
 
(1) pB5-2  
nahAa 2 pB5-2
pB5-2 22,005 bp 16 ORFs  
 45 
(Table 1-7) pB5-2 B. phymatum STM815
(Fig. 1-16) B. phymatum STM815
 (Elliott et al., 2006)




orf3 orf4 (Fig. 2-7)
orf3 B. phymatum STM815 93% identity
(Kalapos et al., 1999)
NahA
FAD-dependent pyridine nucleotide-disulfide 
oxidoreductase   
 46 
 
Fig. 1-14. nahAa   
(A) EcoRI XhoI  
positive control pSLX928-6 EcoR I  
(B) (A) nahAa  
nahAafor nahAarev PCR  P. putida G7 nahAa(982 bp) DIG
Hybridization low stringency (50 )  
 
 
Fig. 1-15.  
G7 nah dl 0.5 mM  30 300 rpm
20 GC-MS








N; negative control 
(pKS13S) 
P; positive control 
(pSLX928-6) 



















Fig. 1-16. pB5-2 Burkholderia phymatum STM815  
pB5-2 B. phymatum STM815 tblastx
(orf3 orf4)
identity (%) identity




No. of Amino acids, % Amino acid
pB5-2/relative identity
orf1 1234-2064 aspartate dehydrogenase 276/269 96 B. phymatum STM815
orf2 2092-3588 aldehyde dehydrogenase 498/498 95 B. phymatum STM815
orf3 3602-4567 glyoxalase/bleomycin resistance protein/dioxygenase 321/321 93 B. phymatum STM815
orf4 4560-5816 FAD-dependent pyridine nucleotide-disulphide oxidoreductase 418/418 93 B. phymatum STM815
orf5 5844-7247 major facilitator transporter 467/467 96 B. phymatum STM815
orf6 7598-8347 short-chain dehydrogenase/reductase SDR 249/249 92 B. phymatum STM815
orf7 8429-9388 AraC family transcriptional regulator 319/319 89 B. phymatum STM815
orf8 9736-10662 LysR family transcriptional regulator 308/308 94 B. phymatum STM815
orf9 10773-11966 L-carnitine dehydratase/bile acid-inducible protein F 397/397 95 B. phymatum STM815
orf10 11963-12907 pyruvate carboxyltransferase 314/315 94 B. phymatum STM815
orf11 12969-14312 major facilitator transporter 447/447 96 B. phymatum STM815
orf12 14367-15092 GntR family transcriptional regulator 241/241 96 B. phymatum STM815
orf13 15236-16456 serine--glyoxylate transaminase 406/406 97 B. phymatum STM815
orf14 16728-18014 major facilitator transporter 428/428 95 B. phymatum STM815
orf15 18032-18781 2-keto-4-pentenoate hydratase-like protein 249/257 89 B. phymatum STM815
orf16 18821-21835 D-lactate dehydrogenase 1004/1005 91 B. phymatum STM815
Number Positon (bp) Proposed function Source microorganism










orf2        3           4           5                                       orf16                                  
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1-4  






(i) stable isotope probing (SIP)
Pseudomonas Uhlik et al., 2012 nahAc
Pseudomonas nah
(Herrick et al., 1997; Stuart-Keil et al., 1998) (ii)
4-
(van Hellemond et al., 2007; Kimura et al., 2010)



















(3) nahAa  
6 4
NahAa pB5-2
pB6-3 2 pB5-2 in vitro 
B. phymatum STM815
















































































































































































































































































































































































































































































































































































































































































in vitro transposon m
utagenesis(
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( )  
(Chen et al., 2011)
 (Singh et al., 2010) FMO
FMO
2






(2) SOM DNA  
G-InforBIO Ver 1.90 ( ) Window size = 10000 Step size = 10000 Oligo 
nucleotide Size = 4 Degenerated = on MAP  
 
(3) Illumina GA IIx  
 1 3 6 12 24 DNA PowerMax® Soil DNA Isolation Kit
Covaris 200 bp Illumina Genomic Analyzer IIx
 
 Illumina Genomic Analyzer IIx 75 Illumina 







MassiveBlast Blastn 100% coverage, 100% identical
 
 
(i) (ii) universal single copy gene
Raes et al., 2007  
 
2-3  
(1) pA6-1 pA20  
pA6-1 pA20
pA6-1 pA20
pA6-1 26,645 bp 20 open 
reading frames (ORFs) (Table 2-1) pA20 24,729 bp 19 ORFs (Table 
2-2) ORFs pA6-1 pA20
ORFs (Fig. 2-1) in vitro
orf
orf15 orf12 (Fig. 2-2) pA6-1 pA20 orf15 orf12
92 identity Mesorhizobium FMO
79 80% identity FMO
(Fig. 2-3) FMO





 (Fig. 2-5) pA6-1 Burkholderia
KTSK2







Table 2-1. pA6-1 ORF  
 




No. of Amino acids, % Amino acid
pA6-1/relative identity
orf1 192-710 S-adenosylmethionine synthetase 172/389 86 Azospirillum brasilense Sp245
orf2 724-1476 tRNA (guanine-N(7)-)-methyltransferase 250/255 56 Rhodospirillum rubrum ATCC 11170
orf3 1601-4132 ATP-dependent helicase MgpS 843/1144 60 Rhodospirillum centenum SW
orf4 4171-4590 putative heat shock protein 139/145 60 Azospirillum brasilense Sp245
orf5 4783-5118 4Fe-4S ferredoxin 111/112 77 Sphingomonas wittichii RW1
orf6 5626-6156 CarD family transcriptional regulator 176/164 75 Magnetospirillum sp. SO-1
orf7 6501-7388 permease 295/292 51 Rhizobium sp. 42MFCr.1
orf8 7385-8203 hypothetical protein 272/271 56 Rhodospirillum centenum SW
orf9 8358-10382 putative adenylate/guanylate cyclase 674/636 37 Sinorhizobium fredii HH103
orf10 10409-11851 putative Zn-dependent protease 480/485 42 Magnetospirillum sp. SO-1
orf11 12238-13188 proline iminopeptidase 316/316 66 Azospirillum lipoferum 4B
orf12 13824-16463 glycosyl transferase family protein 879/875 45 Rhodospirillum centenum SW
orf13 16691-18355 glycoside hydrolase family protein 554/558 41 Tistrella mobilis KA081020-065
orf14 18359-18778 hypothetical protein 139/124 42 Azorhizobium caulinodans ORS 571
orf15 19265-20623 flavin-containing monooxygenase 452/452 79 Mesorhizobium sp. STM 4661
orf16 20707-23094 aminomethyltransferase 795/789 56 Rhizobium sp. CF142
orf17 23143-23556 hypothetical protein 137/139 69 Burkholderia sp. YI23
orf18 24083-24739 hypothetical protein 218/217 37 Rhodospirillum photometricum DSM 122
orf19 24995-25678 methionine synthase 5-methyltetrahydrofolate-homocysteine methyltransferase 227/232 85 Sinorhizobium fredii HH103
orf20 25945-26451 hypothetical protein 168/167 29 Parvibaculum lavamentivorans DS-1
ORF Positon (bp) Proposed function Source microorganism
No. of Amino acids, % Amino acid
pA20/relative identity
orf1 466-885 putative heat shock protein 139/145 60 Azospirillum brasilense Sp245
orf2 1093-1428 4Fe-4S ferredoxin 111/112 77 Sphingomonas wittichii RW1
orf3 1942-2472 CarD family transcriptional regulator 176/164 74 Magnetospirillum sp. SO-1
orf4 2784-3689 permease 301/291 51 Rhizobium sp. CF122
orf5 3820-4620 hypothetical protein 266/271 57 Rhodospirillum centenum SW
orf6 4633-6684 adenylate/guanylate cyclase 683/680 36 Azospirillum sp. B510
orf7 6711-8165 putative Zn-dependent protease 484/485 42 Magnetospirillum sp. SO-1
orf8 8561-9511 proline iminopeptidase 316/320 68 Nitrosomonas sp. AL212
orf9 10043-12661 putative glucomannan 4-beta-mannosyltransferase 873/869 45 Azospirillum brasilense Sp245
orf10 12759-14531 glycoside hydrolase 531/541 52 Dyella sp. QM20
orf11 14579-15004 hypothetical protein 141/124 33 Azorhizobium caulinodans  ORS 571
orf12 15499-16857 flavin-containing monooxygenase 452/452 80 Mesorhizobium sp. STM 4661
orf13 16940-19315 glycine cleavage T protein 791/789 57 Mesorhizobium opportunistum WSM2075
orf14 19355-19768 hypothetical protein 137/139 63 Burkholderia sp. YI23
orf15 19863-20864 LysR family transcriptional regulator 333/339 59 Burkholderia thailandensis MSMB121
orf16 20891-21556 hypothetical protein 221/217 70 Rhodospirillum photometricum DSM 122
orf17 21768-22469 5-methyltetrahydrofolate--homocysteine methyltransferase 233/232 88 Rhizobium sp. BR816
orf18 22811-23281 hypothetical protein 157/167 27 Fodinicurvata sediminis DSM 21159
orf19 23697-24500 acylaldehyde oxidase 267/705 80 Mesorhizobium sp. L48C026A00
ORF Positon (bp) Proposed function Source microorganism
 55 
 
Fig. 2-1. pA6-1 pA20  
pA6-1 pA20 tblastx




Fig. 2-2. in vitro pA6-1 pA20
 
(A) pA6-1 Flag  
(B) pA20 Flag  




1  2         3          4  5    6      7    8          9         10      11           12             13    14     15         16          17 18  19  20
1   2    3     4    5         6           7        8             9             10     11      12      13         14  15  16   17 18    19 
70 75 80 85 90 95 100 30 40 50 60 70 80 90 100
0 - 0
































11                orf12                           orf13                             14
(B)
(A) 1 kb
       13              14            orf15                    orf16                     17
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Fig. 2-3.  
Clustal W GENETYX-Tree  
;  
	  flavin-containing monooxygenases (FMOs) 
FmoApA6-1, flavin-containing monooxygenase (FMO) from metagenome (AB910525); FmoApA20, 
FMO from metagenome (AB910526); B1, flavin monooxygenase from uncultured bacterium 
(ADE73875); MESMA, hypothetical protein mlr7328 from Mesorhizobium loti MAFF303099 
(NP_107671); MESST, FMO from Mesorhizobium sp. STM 4661 (WP_006330154); METSK1, 
FMO from Methylophaga sp. SK1 (JC7986); SACCE, FMO from Saccharomyces cerevisae 
(NP_012046). 
	  microbial N-hydroxylating monooxygenases (NMOs) 
BORBR, L-lysine N6-monooxygenase from Bordetella bronchiseptica (Q44740); SINME, RhbE 
rhizobactin biosynthesis protein from Sinorhizobium meliloti 1021 (AAK65920); ESCCO, 
L-lysine N6-monooxygenase from Escherichia coli (P11295); PSEPA, L-ornithine 
5-monooxygenase from Pseudomonas aeruginosa PAO1 (Q51548); USTMA, Alcaligin 
biosynthesis enzyme from Ustilago maydis (P56584).  
	 Baeyer-Villiger monooxygenases (Type I BVMOs) 
SPHRW, flavoprotein involved in K+ transport-like protein from Sphingomonas wittchii RW1 
(YP_001261397); BREHC, cyclohexanone monooxygenase from Brevibacterium sp. HCU 
















































ACI, cyclohexanone 1,2-monooxygenase from Acinetobacter sp. (P12015); PSEAC, 
4-hydroxyacetophenone monooxygenase from Pseudomonas fluorescens ACB (AAK54073); 
PSEJD1, 4-hydroxyacetophenone monooxygenase from Pseudomonas putida JD1 (ACJ3742).  
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Fig. 2-4. FMO  
 
Fig. 2-5. pA6-1  
(OD 610) 1
















N.D. N.D. N.D. N.D. 
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(2) SOM pA6-1 pA20 DNA  
 
DNA
16S rDNA DNA gyrase subunit B (gyrB) 
Abe Kohonen
(Self Organizing Map, SOM)
(Abe et al., 2003) 2 42 16
pA6-1 pA20 SOM
3 8
pA6-1 pA20 M. loti MAFF303099
pA6-1 pA20






Fig. 2-6. SOM  
(A) pA6-1 SOM  
(B) pA20 SOM  




Bja: Bradyrhizobium japonicum USDA 110, NC_004463, Mlo: Mesorhizobium loti MAFF303099, BA000012,   
Nar: Novosphingobium aromaticivorans DSM 12444, NC_007794, Sme: Sinorhizobium meliloti 1021 , 
NC_003047 Swt: Sphingomonas wittichii RW1, YP_001261397 ( α- ) 
Bxe: Burkholderia xenovorans LB400, CP000270, Cne: Cupriavidus necator JMP134, NC_007347( β-
) 







































Fig. 2-7. Illumina GA IIx pA6-1 pA20  
(A) pA6-1  
(B) pA20  
DNA 1 100% 



































Fig. 2-8. pA6-1 pA20  
(A) pA6-1 1 red 3 blue 6 orange 12 green 24
black (orf15)  
(B) pA20 1 red 3 blue 6 orange 12 green 24
black (orf12)   
(A)
(B)
1    2             3               4    5       6        7       8              9              10          11                  12                     13                    15               16                     18     19     20

















(2) Illumina GA IIx pA6-1 pA20  
pA6-1 pA20
DNA
Illumina GA IIx pA6-1 pA20
DNA
Illumina








Fig. 2-9. 16S rRNA  Illumina (Genus ) 
(Kato et al., in preparation) 










0 1c 3c 6c 12c 24c 1m 3m 6m 12m 24m 
Burkholderia Dyella Pseudomonas 
Phenylobacterium Bacillus Inquilinus 
Sphingomonas Mycobacterium Gemmatimonas 
Azospirillum Hyphomicrobium Methylophilus 
Cupriavidus Magnetospirillum Nitrospira 









acid (2,4-D) C. necator JMP134
JMP134 2,4-D
(Lykidis et al., 2009) 
1







Table 3-1 Table 3-2  
 
pNITdS_orf10-15:pB5-1 orf10-15 pB5-1_orf10-15_EcoRI_F pB5-1_orf10-15_HindIII_R
PrimeSTAR® HS DNA Polymerase (TaKaRa) PCR pNITdS
EcoRI HindIII
pNITdS_orf10-15  
pUC18_orf1:pB5-1 orf16 pB5-1_cate_BamHI_F pB5-1_cate_HindIII_R
KOD-Plus-ver.2 PCR pUC18 BamHI HindIII (lac
) pUC18_orf16  
pAQMN_orf16His:pB5-1 orf16 pB5-1_orf16_BamF pB5-1_orf16_HinHisR 
PrimeSTAR® HS DNA Polymerase (TaKaRa) PCR pAQMN (Endo et al., 2005) 




Table 3-1.  
a  






Primer  Sequence (5'→3') a  Amplification Target 
pB5-1_orf10-15_EcoRI_F CCTGAATTCCTCACCTCATCAAATCGTC orf10-15 (pB5-1) 
pB5-1_orf10-15_HindIII_R GTTAAGCTTTCCTCGATGCGGTTG orf10-15 (pB5-1) 
pB5-1_cate_BamHI_F CTTGGATCCACTTCGACAACGACTTC orf16 (pB5-1) 
pB5-1_cate_HindIII_R CCTAAGCTTTCGCCATACAGGCAC orf16 (pB5-1) 
pB5-1_orf16_BamF GGTTGGATCCCAAGGAGACAACCATGGAC orf16 (pB5-1) 
pB5-1_orf16_HinHisR GAGAAGCTTGGATTAGTGATGGTGATGGTGATGCGCCGTCACGGCCGC orf16 (pB5-1) 
Plasmids  Relevant characteristics Reference of source 
pUC4K Apr, Kmr Taylor and Rose (1988) 
pUC18 Apr, cloning vector pMB1ori Vieira et al., (1987) 
pKS13 Tcr, RK2 replicon; cos PK2oriT Kimbara et al., (1989) 
pKS13S pKS13 derivative carrying ScaI site between BamHI and HindIII sites Ono et al., (2007) 
pNITdS pNIT6012 derivative containing unique SmaI site  (2007) 
pAQNM pMB9 replicon, lacIq aqn Apr, taq promoter  Endo et al., (2005)  
pB5-1 pKS13S derivative carring the phenol hydroxylase gene This study 
pB5-1_dB Deletion of pB5-1insert was performed by BamHI digestion This study 
pB5-1_dK Deletion of pB5-1insert was performed by KpnI digestion This study 
pB5-1_dET Deletion of pB5-1insert was performed by EcoT21I digestion This study 
pB5-1_dH Deletion of pB5-1insert was performed by HindIII digestion This study 
pB5-1_dHP Deletion of pB5-1insert was performed by HindIII and PmaCI digestion This study 
pB5-1_dHA Deletion of pB5-1insert was performed by HindIII and AscI digestion This study 
pNITdS_orf10-15 pNITds derivative carrying EcoRI-BamHI fragment containing pB5-1 orf10-15 This study 
pUC18_orf16 pUC18 derivative carrying EcoRI-BamHI fragment containing pB5-1 orf16 This study 
pAQMN_orf16His pAQMN derivative carrying EcoRI-HindIII fragment containing pB5-1 orf16 This study 
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(2) GC-MS  
GCMS-QP2010 (SHIMADZU)
Table 3-3  
(3)  
P. putida G7K2 3 ml 1/3LB-Tc 30 12
 
10 ml 1/3LB-Tc 1% 30 12  
5 ml PBS 3  
10 mg/ml 5 ml PBS  
5 ml 0.2 mM 300 rpm 30
30 200 µl  
1N 10% (
5 ppm γ-HCH )  
100 µl TMS  MSTFA (PIERCE Biotechnology) 10 µl  
60 15 min  GCMS-QP2010  
TMS 
(Fig. 3-1.)  
 




 E. coli DH5α 3 ml LB-Tc 37 12  
 10 ml LB-Tc 1% 37 12  
 5 ml PBS 3  
 10 mg/ml PBS  
 200 µl 0.5 mM Thermomixer 
Comfort (Eppendorf) 25℃ 300 rpm 1  
 1N 10% ( 5 
ppm γ-HCH )  





 KT2440 3 ml 1/3LB-Tc 12
30  
 9,000 × g 1  
 PBS 2  
 OD660 = 1.0 PBS  
  102  
 1 mM M9 5 µl  




Table 3-3. (GC-MS)  
  
 DB-17 (30 m by 0.25 mm by 0.25 µm; J&W Scientific)   
[GC-2010]  
  
 100  
 






  88.1 ml/min  
 
   
[ ]  
  
     
− 100 1 
30 250 5 
− 250 3 
   








   
a PHE1  
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Fig. 3-1.  
 
  
















(6) His-tag  
E. coli BL21 StarTM (DE3)
pAQMN pAQNM lacIq tac IPTG
pAQNM pAQN pHSG299
multiple-cloning site  (Endo et al., 2005) C 6×His
 
 
E. coli BL21 starTM (DE )
LB 37  
LB 100 µg/ml 100 ml LB
OD660=0.6 37  
IPTG 0.5 mM 25 4-5
IPTG  
50 ml 4 10,000 rpm 10  
-80  
 
(7) His-tag  
 
(pH 7.5 0.5 M NaCl 10 mM imidazole) 
                           imidazole          0.68 g 
                           NaCl             29.2 g 
                           1 M K2HPO4  16.8 ml 
                           1 M KH2PO4  3.2 ml 
 imidazole NaCl 980 ml
1 M K2HPO4 1 M KH2PO4 1 L  
 
(pH7.5 0.5 M NaCl  0.5 M imidazole) 
                         imidazole           34 g 
                         NaCl   29.2 g 
                         1 M K2HPO4  16.8 ml 
                         1 M KH2PO4   3.2 ml 
 imidazole NaCl 980 ml
1 M K2HPO4 1 M KH2PO4 1 L  
 73 
 
(pH 7.5 10% ) 
                         10 ml 
                         1 M K2HPO4 4.2 ml 








CelLytic B (Sigma-Aldrich) 10 ml  
vortex  
ROTATOR RT-50 4 40  
10,000 rpm 10  
BD TALON Metal Affinity Resins ( ) 3  
 
1) 400 µl 1.5 ml 4 700 × g 3  
2) 200 µl 5 (1 ml)  
vortex  
3) 1)  
4) 1 ml 1)
 
5) 4)  
ROTATOR RT-50 4 His
 
4 700 × g 3
 
2 ml 4 700 × g 3
 
 2  
 74 
 
4 700 × g 3  
1.5 ml  




(BIO-RAD) 0.1% BSA 
(Takara)  
 
 0.1% BSA 0 0.1 0.2 0.3 mg/ml 35 µl
 
 0.1-0.3 mg/ml
35 µl  
 5 700 µl 35 µl
vortex 5-10  
 45 96 200 µl  







90 μl 10 μl  0.5 mM
 
Thermomixer Comfort (Eppendorf) 25℃ 300 rpm 1  
1N 10% ( 5 
ppm γ-HCH )  




(10) SDS- (SDS-PAGE) 
 
30% (BIO-RAD ) 
1.5 M      Tris-HCl (pH8.8) 
    0.4%      SDS 
      0.5 M  Tris-HCl (pH6.8) 
        0.4%  SDS 
10%  
TEMED (tetramethylethylenediamine) 
Laemmli  (BIO-RAD) 
Running Buffer Solution (10 ×) for SDS-PAGE Tris-glycine( ) 
0.05% (w/v) Coomassie Brilliant Blue R-250 
                           50%    
 10%    
 10%    
 10%    
1 12.5%  
- -
12.5%  
 3.36 ml 30% 2 ml 2.64 ml
 
 24 µl 8 µl TEMED
”  
 400 µl 1-
1  
 1-  
  
 0.75 ml 30% 1.25 ml 3 ml
 
 15 µl 10 µl TEMED
 




 5% 2-mercaptoethanol Laemmli (BIO-RAD)
20 µl  
 5 95  
3  
 
10 µl (BIO-RAD) 3 µl  
 20 mA dye front  
  





(1) pB5-1  
pB5-1 pB5-1
(Table 3-4, Fig. 3-2) 23,944 bp 20 ORFs
ORF orf9-15 C. necator JMP134
65-96% identity
orf16 1,2- 93% identity
 (Table 3-4) in vitro
orf orf 9 orf11 orf12 orf13




pNITds_orf10-15 nahAc  (Fig. 3-3B)
pB5-1 NahA
nahAa
(i) pB5-1 nahAa nahAc





Table 3-4. pB5-1 ORF  
 
 
Fig. 3-2. pB5-1 JMP134  





No. of Amino acids, % Amino acid
pB5-1/relative identity
orf1 647-1252 methyltransferase 201/202 80 Rhodanobacter spathiphylli B39
orf2 1360-1647 hypothetical protein 95/95 76 Dyella japonica
orf3 1943-3493 hypothetical protein 516/516 91 Dyella japonica
orf4 3503-4705 hypothetical protein 400/400 93 Dyella japonica
orf5 4756-5202 hypothetical protein 148/144 80 Dyella japonica
orf6 5206-6123 hypothetical protein 305/305 88 Dyella japonica
orf7 6123-6485 PadR family transcriptional regulator 120/120 93 Dyella japonica 
orf8 10021-10602 TetR family transcriptional regulator 193/193 98 Ralstonia pickettii DTP0602
orf9 11434-13059 NtrC family of transcriptional activator 541/540 96 Cupriavidus necator JMP134
orf10 13401-13643 cofactorless  protein 80/84 67 Wautersia numadzuensis TE26
orf11 13726-14724 phenol hydroxylase large subunit 332/340 93 Cupriavidus necator JMP134
orf12 14742-15023 cofactorless activator protein 93/90 97 Wautersia numadzuensis TE26
orf13 15058-16683 phenol hydroxylase large subunit 541/530 94 Cupriavidus necator JMP134
orf14 16713-17075 phenol hydroxylase small subunit 120/120 91 Cupriavidus necator JMP134
orf15 17116-18174 FAD-containing reductase component 352/352 95 Wautersia numadzuensis TE26
orf16 18214-19131 catechol 1,2-dioxygenase 305/305 93 Cupriavidus necator JMP134
orf17 19437-19961 hypothetical protein 174/176 79 Cupriavidus necator H16
orf18 20383-21057 cob(II)yrinic acid a,c-diamide reductase 224/233 87 Cupriavidus sp. HMR-1
orf19 21269-22111 IclR family transcriptional regulator 280/280 87 Cupriavidus sp. HMR-1
orf20 22147-22959 short-chain dehydrogenase/reductase 270/270 89 Cupriavidus metallidurans  CH34
ORF Positon (bp) Proposed function Source microorganism
1           3             4              6                                                       9              11          13             15     16               18    19    20    pB5-1
C. necator JMP134 
5 kb
70 75 80 85 90 95 100 30 40 50 60 70 80 90 100
0 - 0

































Fig. 3-3. pB5-1  
(A) in vitro  
 
(B) deletion  
 




























Fig. 3-4. pB5-1  
(OD 610) 1


















































Orf11, 13, 14 Orf12
hydroxylase activator protein Orf15  [2Fe-2S]
 (Fig. 3-5) Pseudomonas sp. CF600   (Dmp)
2  (αβγ)2
[2Fe-2S]
 (Powlowski et al., 1997) Dmp Burkholderia 
cepacia G4  o-  (Tmo) Methylococcus capsulatus
 (Mmo)
(Leahy et al., 2003) α-
2 2 2 E...E/DX2H  
β-
MmoY D100 P101 D185 DmpL  TmoE
pB5-1
Orf13 Orf11 α- β-
 (Fig. 3-6AB) Orf15
[2Fe-2S]









































(A) α− E...E/DX2H  
(B) β−  
(C) [2Fe-2S] CX2GXCX2 
– CX6GX18-22LXC  
DDBJ ClustalW (http://clustalw.ddbj.nig.ac.jp) 
 
Methylococcus capsulatus: M90050 mmoXYZ,orfY, mmoC 
Pseudomonas sp. CF600: M60276 dmpKLMNOP 







(3) pB5-1  
GC-MS nahAc  (G7K2 ) 








GC-MS  (Fig. 
3-8) C His-tag Orf16 SDS-PAGE
33 kDa  (Fig. 3-9) Orf16
(Fig. 3-10)  
pB5-1 DNA
P. putida KT2440 (data not shown)
(Fig. 3-11)
pB5-1
pB5-1 P putida KT2440
pB5-1
C. necator JMP134 C. metallidurans CH34 Wautersia numazuensis TE26




Fig. 3-7. pB5-1  
nahAc  (G7K2 ) 0.2 mM  



















Fig. 3-8. Orf16  
Orf16 0.5 mM  25 300 rpm 1
GC-MS  (pUC18














Fig. 3-9. His-tag Orf16  
Lane 1: IPTG His-tagged Orf16 
Lane 2: marker 
 
Fig. 3-10. Orf16  
(  34 ng/ml) 0.5 mM  25 300 rpm 1
(%) 100 10
SD
N.D. = Not Detected   
Ca.  33 kDa























Fig. 3-11. pB5-1 P. putida KT2440  
 : 1 mM CF600: Pseudomonas sp. CF600 (Positive control) 
 
Fig. 3-12. pB5-1  
pB5-1 identity (%) 
C. necator JMP134: NC_007347 C. metallidurans 
CH34: NC_007973 Wautersia numadzuensis TE26 : BAD86553 
  




96 65 93 96 94 91 95 93
1kb













phlR phlK1 phlL1 phlM1 phlN1 phlO1 phlP1 catA2
phtR phtA phtB phtC phtD phtE phtF C12D
poxR phtA phtB phtC phtD phtE catA
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(4) Illumina GA IIx pB5-1
 
 2 pB5-1 pB5-1
3 6 DNA  (Fig. 3-13)
9,389 bp
 (Fig. 3-14) Dyella
Cupriavidus  (Table 
3-4) pB5-1
 (data not shown) pB5-1
pB4-1 
(Table 1-8)  (800 bp ) pB5-1
22,708 23,545 bp Ralstonia eutropha H16














Fig. 3-13. Illumina GA IIx pB5-1  
DNA 1 100% 
identity  100% coverage pB5-1  
 
Fig. 3-14. pB5-1  



















(1) pB5-1  











(2) Illumina GA IIx pB5-1
 
pB5-1 2















( Bradyrhizobium sp. WSM1253 Pseudomonas sp. M1 )
pB6 2  B. japonicum USDA 110 blr6084 80%
identity Fatty acid and phosoholipid metabolism
BEC protein (Kaneko 
et al., 2002) Pseudomans sp. M1









Table 4-1  
 
pUC18_orf20:pB7-2 orf20 pB7-2_cate_BamHI_F pB7-2_cate_HindIII_R
KOD-Plus-ver.2 ( ) PCR pUC18 BamHI HindIII (lac 
) pUC18_orf20  
pAQMN_orf20His:pB7-2 orf20 pB7-2_orf20_HinHisF pB7-2_orf20_BamR
PrimeSTAR® HS DNA Polymerase (TaKaRa) PCR pAQMN (Endo et al., 2005) 
BamHI HindIII tac orf20
pAQMN_orf20His  
pNITdS_orf21:pB7-2 orf21 pB7-2_orf21_HindII_F
KOD-Plus-ver.2 ( ) PCR pNITdS EcoRI HindIII (
) pNITdS_orf21  
pNITdS_orf22:pB7-2 orf22 pB7-2_orf22_HindII_F pB7-2_orf22_EcoRI_R
KOD-Plus-ver.2 ( ) PCR pNITdS EcoRI HindIII (
 94 
) pNITdS_orf22  
pNITdS_orf21-22:pB7-2 orf21-22 pB7-2_orf21_HindII_F pB7-2_orf22_EcoRI_R






5 Fig. 4-1  
 
 E. coli DH5α 3 ml LB-Ap 37 12
 
 10 ml LB-Ap 1% 30 12  
 50 ml 5 ml PBS 3  
 10 mg/ml PBS  
 96 200 µl DMSO ( 0.5 mM)  
 25 300 rpm  
 3000 × g 5 96  





Fig. 4-2  
G7K2 3 ml 1/3LB-Tc 30 12
 
10 ml 1/3LB-Tc 1% 30 12  
5 ml PBS 3  
30 mg/ml 5 ml PBS  
200 µl 0.05 mM 300 rpm 30
20
(IWAKI #84-0233-3 #84-0253-3)  
 95 
200 µl 1N 10%
( 5 ppm γ-HCH ) GCMS-QP2010   
 96 
Table 4-1.  
Primer  Sequence (5'→3') a  Amplification Target 
pE12a_orf9_For CAAGCCTCTCGACAGTCAC orf9 (pE12a) 
pE12a_orf9_Rev GCAGATCTCTGACGTCCAG orf9 (pE12a) 
pB7-2_cate_HindIII_F CCTAAGCTTGAGCACGACATGTCC orf20 (pB7-2) 
pB7-2_cate_BamHI_R CCTGGATCCGACACATTGCTGG orf20 (pB7-2) 
pB7-2_orf20_HinHisF GCCAAGCTTGGATCAGTGATGGTGATGGTGATGAAGAAAGTCGGCGGG orf20 (pB7-2) 
pB7-2_orf20_BamR GGTGGATCCCGGGAGACAAAGCAGATG orf20 (pB7-2) 
pB7-2_orf21_HindII_F GAGCAAGCTTCATCTGCTTTGTCTCC orf21 (pB7-2) 
pB7-2_orf21_EcoRI_R CCGGAATTCTGAACGTCATGGACAC orf21 (pB7-2) 
pB7-2_orf22_HindII_F GAGCAAGCTTCCTGCTCCTTGTC orf22 (pB7-2) 
pB7-2_orf22_EcoRI_R CCCGAATTCACTCGACACATCACTACC orf22 (pB7-2) 
a  
 
Fig. 4-1.  
 






























(1) pB6-2  
 pB6-2
31,364 bp 28 ORFs (Table 4-2) orf21-28
Mycobacterium
in vitro 
orf9 (Fig. 4-3) orf9
CoA conserved domain
CoA identity
identity  (Table 4-3) orf9 Bradyrhizobium
identity (synteny) (Fig. 4-4)
Bradyrhizobium
pB6-2
 ( , 2007)  ( , 2011) pE12a
(Fig. 4-5)  pE12a
4 (3- m- )
B. multivorans
pE12a Blast (Table 4-4 )  SOM
α- (Fig. 
4- 6) in vitro transposon orf9
(Fig. 4-5)  ( , 2007) CoA
 ahdA (aromatic hydrocarbon degradation) ( , 2007)
class D flavin-dependent monooxygenase 
pE12a α-  S. meliloti 1021
 Bradyrhizobium japonicum USDA 110 ( )
( , 2007) γ- P. putida 





(Fig. 4-8)  
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Table 4-2. pB6-2 ORF  
 
 
Fig. 4-3. in vitro pB6-2  
Flag Flag
 
Table 4-3. orf9 BlastP  
 
a  
No. of Amino acids, % Amino acid
pB6-2/relative identity
orf1 42-1019 nitrate ABC transporter substrate-binding protein 325/327 72 Bradyrhizobium sp. YR681
orf2 1211-2053 ABC transporter ATP-binding protein 280/281 71 Bradyrhizobium sp. WSM1253
orf3 2081-2836 ABC transporter permease 251/258 68 Bradyrhizobium sp. ORS 278
orf4 2833-3612 ABC transporter permease 259/255 64 Bradyrhizobium sp. BTAi1
orf5 3624-4670 conserved hypothetical protein 348/348 81 Bradyrhizobium sp. ORS 375
orf6 4789-5778 3-hydroxybutyryl-CoA dehydrogenase 329/330 68 Bradyrhizobium sp. S23321
orf7 5775-6866 putative opine dehydrogenase 363/364 80 Bradyrhizobium oligotrophicum S58
orf8 6974-8500 acid--CoA ligase 508/504 70 Bradyrhizobium sp. ORS 278
orf9 8517-9785 acyl-CoA dehydrogenase/indole oxygenase 422/429 75 Bradyrhizobium sp. WSM1253
orf10 9799-10605 hydrolase 268/267 47 Bradyrhizobium sp. CCGE-LA001
orf11 10923-11402 MarR family transcriptional regulator 159/151 39 Cupriavidus necator N-1
orf12 11714 -12871 RND transporter 385/385 57 Bradyrhizobium sp. WSM1253
orf13 12879-16049 acriflavine resistance protein B 1056/1062 78 Bradyrhizobiaceae bacterium SG-6C
orf14 16296-17261 sulfonate ABC transporter substrate-binding protein 321/316 43 Brenneria sp. EniD312
orf15 17277-18074 sulfonate ABC transporter ATP-binding protein 265/255 62 Pseudomonas sp. Ag1
orf16 18078-18878 ABC transporter permease 266/268 67 Microvirga sp. WSM3557
orf17 18926-20104 Rieske (2Fe-2S) domain-containing protein 392/380 38 Mycobacterium vanbaalenii PYR-1
orf18 20209-20523 conserved protein of unknown function 104/103 68 Azospirillum brasilense Sp245
orf19 20783-21478 GntR family transcriptional regulator 231/226 48 Microcoleus sp. PCC 7113
orf20 21536-22525 hypothetical protein 329/323 40 Cupriavidus sp. WS
orf21 22608-23420 thioesterase 270/271 83 Mycobacterium rhodesiae JS60
orf22 23485-24936 major facilitator transporter 483/484 87 Mycobacterium rhodesiae JS60
orf23 24938-25801 membrane protein 290/291 81 Mycobacterium rhodesiae JS60
orf24 25887-26354 MarR family transcriptional regulator 155/146 82 Mycobacterium rhodesiae JS60
orf25 26410-27573 hypothetical protein 387/387 85 Mycobacterium rhodesiae JS60
orf26 27563-28873 hypothetical protein 436/432 83 Mycobacterium rhodesiae JS60
orf27 28878-30080 hydroxyglutarate oxidase 400/399 91 Mycobacterium rhodesiae JS60
orf28 30459-30815 membrane protein 118/473 59 Mycobacterium rhodesiae JS60
ORF Positon (bp) Proposed function Source microorganism
orf7 orf8 orf9 orf10 11
1 kb
No. of Amino acids, % Amino acid
 pB6-2/relative  identity
acyl-CoA dehydrogenase Bradyrhizobium sp. WSM1253 422/429 81
BEC protein Bradyrhizobium japonicum USDA 6 422/429 80
: : : :
BEC protein Bradyrhizobium japonicum USDA 110 422/429 80
: : : :
2-naphthoate monooxygenase Burkholderia sp. JT1500 422/386 75
BEC protein-catalyzes hydroxylation of indole to indoxyl Ralstonia eutropha H16 422/417 72
/ Acyl-CoA dehydrogenase
: : : :
4-nitrotoluene-oxidizing enzyme uncultured bacterium 422/426 65










Bradyrhizobium sp. S23321: NC_017082 
Bradyrhizobium japonicum USDA110: NC_004463 
Mycobacterium rhodesiae JS60: AGIQ01000003 
 
 






B. japonicum USDA 110
Bradyrhizobium sp. S23321
5 kb70 75 80 85 90 95 100 30 40 50 60 70 80 90 100
0 - 0
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pB6-2
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Table. 4-4 pE12a ORF  ( ) 
 
  
No. of Amino acids, % Amino acid
pE12a/relative identity
orf1 147-1325 Rieske (2Fe-2S) domain-containing protein 392/380 38 Mycobacterium vanbaalenii PYR-1
orf2 1373-2173 ABC transporter permease 266/268 67 Microvirga sp. WSM3557
orf3 2177-2974 aliphatic sulfonates ABC transporter ATP binding protein 265/266 62 Azotobacter vinelandii DJ
orf4 2990-3955 aliphatic sulfonates family ABC transporter 321/323 42 Pseudomonas sp. CF161
orf5 4200-7370 acriflavine resistance protein B 1056/1062 79 Bradyrhizobiaceae bacterium SG-6C
orf6 7378-8586 RND transporter 402/385 59 Bradyrhizobium sp. YR681
orf7 8843-9346 regulatory protein MarR 167/157 37 Pseudovibrio sp. FO-BEG1
orf8 9644-10456 S33 family peptidase 270/267 45 Roseibium sp. TrichSKD4
orf9 10470-11738 acyl-CoA dehydrogenase 422/429 75 Bradyrhizobium sp. WSM1253
orf10 11755-13266 o-succinylbenzoate--CoA ligase 503/504 71 Bradyrhizobium sp. ORS 278
orf11 13301-14389 putative opine dehydrogenase 362/364 80 Bradyrhizobium oligotrophicum S58
orf12 14389-15378 3-hydroxybutyryl-CoA dehydrogenase 329/330 68 Bradyrhizobium sp. S23321
orf13 15438-16484 hypothetical protein BRADO2312 348/348 81 Bradyrhizobium sp. ORS 278
orf14 16496-17275 ABC transporter permease 259/255 62 Bradyrhizobium sp. BTAi1
orf15 17272-18054 ABC transporter permease 260/258 69 Bradyrhizobium sp. ORS 278
orf16 18055-18846 ABC transporter ATP-binding protein 263/270 71 Bradyrhizobium japonicum USDA 6
orf17 19056-20066 nitrate ABC transporter substrate-binding protein 336/330 72 Bradyrhizobium japonicum
orf18 20465-21229 3-hydroxyacyl-CoA dehydrogenase 254/257 59 Mesorhizobium sp. LSHC420B00
orf19 21277-21714 transcriptional regulator, MarR family 145/153 57 Loktanella cinnabarina
orf20 21717-22520 enoyl-CoA hydratase 267/267 76 Novispirillum itersonii
orf21 22525-23685 acyl-CoA dehydrogenase 386/382 72 Mesorhizobium sp. L103C105A0




Fig. 4-6. SOM pE12a  ( ) 




Bja: Bradyrhizobium japonicum USDA 110, NC_004463, Sme: Sinorhizobium meliloti 1021, NC_003047, 
Nar: Novosphingobium aromaticivorans DSM 12444, NC_007794, ( α-proteobacteria) Bxe: Burkholderia 
xenovorans LB400, CP000270, Par: Polaromonas naphthalenivorans CJ2, NC_008781, Cne: Cupriavidus 
necator JMP134, NC_007347, ( β-proteobacteria), 
Pfl: Pseudomonas fluorescens Pf0-1, NC_007492, ( γ-proteobacteia)  













Fig. 4-7. ahdA  ( , 2007) 
ahdA  
1: B. multivorans /pE12a, 2: DH5α /pE12a, 3: DH5α  pE12a orf9 (ahdA) 300 bp
 
 
Fig. 4-8. pE12a B. multivorans pB6-2  
(OD 610) 1













GIBáhttp://gib.genes.nig.ac.jp/âǐǒࡷ௻ƟƧެظǭȉț౴༞áwhole genome flat fileâǚیƳ¹ೝԔǭȉțӕ৖
ǸȐȃG-InforBIOáhttp://mdcm.nig.ac.jp/inforbioâǚພƌƮSOMӕ৖ǚ݉ƫƧºӕ৖Ʒ¹window size 10000, step
size 10000, degTetraSOMƶऽڨƯ݉ƫƧºռƯ϶Ǜƨ໹ЏƔe:&'V੃హ౴༞ǚ࠷ơºݪ஝Ʒൖঝƶެظǭȉțư
Г૸ơǓ໹Џǚ࠷ơº
ພƌƧެظƷϱҟƶୋǒºBja: B. japonicum USDA 110, Sme: Sinorhizobium meliloti 1021, Nar: Novosphingobium
aromaticivorans DSM 12444 (ϱरα-proreobacteria), Bxe: Burkholderia xenovorans LB400, Par: Polaromonas naphthalenivorans
CJ2, Reu: Ralstonia eutropha H16 (ϱरβ-proteobacteria), Eco: Escherichia coli K-12, Ppu: Pseudomonas putida KT2440, Asp:
Acinetobacter sp. ADP1(ϱरγ-proteobacteia), Mva: Mycobacterium vanbaalenii PYR-1, Rsp: Rhodococcus sp. RHA1
(ϱरactinobacteria), Aba: Acidobacteia bacterium Ellin345(ϱरAcidobacteria), Bsu: Bacillus subtilis subsp. subtilis 168
01Q pPL?
/4Q pPL?
/ 0 1 / 0 1
Fig. 5-6. ȉÓǱȮӕ৖ƳǐǓahdAƶದ۔ӕ৖
ЂƲǓظެࡶࢶଇƯƶahdAƶದ۔ǚȉÓǱȮӕ৖Ưڸ௟ƟƧº
1: B. multivorans (pE12a), 2: DH5α (pE12a), 3: DH5αºȒȨÓȑƳƷ
ahdAƶఝ൉๢300 bpǚພƌƧº
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(2) pB7-2  
pB7-2 22,651 bp 22
ORFs (Table 4-5) BlastX ORF orf1-1214,15  Burkholderia
48-99% identity (Fig. 4-9) tautomerase
hydrolase
orf16, 18-22 Pseudomonas 63-74% identity
(Fig. 4-9) orf20 in vitro
orf orf22  (Fig. 4-10)
(Table 4-6) CoA conserved 
domain  CoA
flavin-dependent monooxygenase  35% identity 
 






(Fig. 4-11A) orf21 orf22















No. of Amino acids, % Amino acid
pB7-2/relative identity
orf1 353-2062 metallophosphoesterase 569/572 83 Burkholderia sp. BT03
orf2 2476-2778 hypothetical protein 100/100 94 Burkholderia caribensis MBA4
orf3 2939-3421 hypothetical protein 160/160 63 Burkholderia gladioli BSR3
orf4 3870-4979 aspartate aminotransferase 369/389 94 Burkholderia sp. BT03
orf5 4999-5805 alpha/beta hydrolase 268/268 94 Burkholderia sp. BT03
orf6 5929-6144 hypothetical protein 71/75 86 Burkholderia phymatum STM815
orf7 6372-7136 cobyrinic acid ac-diamide synthase 254/254 96 Burkholderia phymatum STM815
orf8 7251-7979 membrane protein 242/242 96 Burkholderia sp. BT03
orf9 8071-8490 hypothetical protein 139/139 91 Burkholderia caribensis MBA4
orf10 8674-9450 NAD(P)H dehydrogenase 258/258 94 Burkholderia sp. BT03
orf11 9572-10486 LysR family transcriptional regulator 304/302 95 Burkholderia caribensis MBA4
orf12 10507-11262 gluconate 5-dehydrogenase 251/251 90 Burkholderia sp. JPY347
orf13 11862-12251 4-oxalocrotonate tautomerase 129/129 62 Methylobacterium extorquens AM1
orf14 12757-13191 MarR family transcriptional regulator 144/144 76 Burkholderia gladioli BSR3
orf15 13432-13878 4-oxalocrotonate tautomerase 148/146 48 Burkholderia sp. BT03
orf16 13964-15589 transporter 541/543 70 Pseudomonas stutzeri DSM 10701
orf17 15723-17270 drug resistance transporter EmrB/QacA subfamily 515/511 57 Burkholderia sp. RPE64
orf18 17617-18549 hypothetical protein 310/311 74 Pseudomonas sp. GM21
orf19 18604-19482 5-carboxymethyl-2-hydroxymuconate isomerase 292/288 74 Pseudomonas sp. M1
orf20 19514-20440 catechol 2,3-dioxygenase 308/309 68 Pseudomonas sp. M1
orf21 20492-21037 flavin reductase domain-containing FMN-binding protein 181/171 63 Pseudomonas sp. M1
orf22 21043-22254 acyl-CoA dehydrogenase/indole oxygenase 403/406 67 Pseudomonas sp. M1
ORF Positon (bp) Proposed function Source microorganism
 105 
 
Fig. 4-9. pB7-2  
pB7-2 Burkholderia phymatum STM815 




Burkholderia phymatum STM815 plasmid pBPHY01: CP001045 
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orf21                                   orf22
1 kb
 106 






SD N.D. =Not Detected 
(A) nahAc (G7K2)  
(B) E. coli DH5α  
  
No. of Amino acids, % Amino acid
 pB7-2/relative  identity
type 2 acyl-CoA dehydrogenase Pseudomonas sp. M1 403/406 67
acyl-CoA dehydrogenase Pseudomonas sp. GM21 403/409 69
: : : :
acyl-CoA dehydrogenase Terriglobus saanensis SP1PR4 403/409 45
acyl-CoA dehydrogenase Sphingomonas  sp. PAMC 26605 403/407 41
: : : :
Flavin-dependent monooxygenase, Bacillus isronensis B3W22 403/400 35
oxygenase subunit HsaA
























































































Fig. 4-12. pB7-2  
(OD 610) 1















N.D. N.D. N.D. N.D. 
 108 
(4) orf20  
orf20
3 (B. xenovorans LB400 BphC
His146 His210 Glu260) 3
(B. xenovorans LB400 BphC His195 His241 Tyr250)  (Eltis et al., 
1996) pB7-2 orf20 (Fig. 4-13) orf20
Orf20
family subfamily
(Fig. 4-14) Orf20 family I.4
Cupriavidus necator JMP134
31%  
(1) 5 orf20  
 orf20 pUC18 pUC18_Orf20 E. coli DH5α
5
P. putida F1 todE pUC18 (
, 2008) pUC18_Orf20 5
2,3-dihydroxybiphenyl (DHBP)  (Fig. 4-15) C
His-tag Orf20 SDS-PAGE 35 kDa
 (Fig. 4-16) Orf20
 
Orf20 2,3-DHBP orf21 orf22
2,3-DHBP
2,3-DHPB (BphC ) m-
(Dresen et al., 2010) pB7-2 nahAc 3











Fig. 4-14. Orf20  
 
DmpBPS600, catechol 2,3-dioxygenase from P. putida CF600 (M33263); XylEDK1, catechol 
2,3-dioxygenase from P. putida(pDK1) (M65205); NahHPSG7, catechol 2,3-dioxygenase from P. 
putida plasmid NAH7 (X06412); XylEBEIJ, catechol 2,3-dioxygenase from Sphingomonas 
yanoikuyae B1 (U23375); TbuEPSP, catechol 2,3-dioxygenase from P. pickettii (AAC13787); 























Construction date: Fri Oct  3 19:24:56 2014
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rf20pB7-2 
Mpc2CUPNE





MndDARTGL, 3,4-dihydroxyphenylacetate 2,3-dioxygenase from Arthrobacter globiformis 
(AAA67362); BphC1RGP6, 2,3-dihydroxybiphenyl dioxygenase I from Rhodococcus globerulus 
P6 (X75633); TodEPSF1, 3-methylcatechol 2,3-dioxygenase from P. putida F1 (AAA26010); 
BphCPS707, 2,3-dihydroxy-biphenyl dioxygenase from P. pseudoalcaligenes KF707 
(AAA25749); HsaCRHOSR, extradiol dioxygenase from Rhodococcus jostii RHA1 (Q9KWQ5); 
PcbCDJ12, 2,3-dihydroxybiphenyl dioxygenase from Pseudomonas sp. DJ-12a (BAA07956); 
DbfBSPHWI, 2,2',3-trihydroxybiphenyl dioxygenase from Sphingomonas wittichii 
(WP_011950841); Mpc2SPHXE, hypothetical protein from Sphingobium xenophagum 
(WP_017181282); Edi29NOCA, extradiol dioxygenase from Rhodococcus sp. YK2 (BAC00798); 
BphC3RHOSR, 2,3-dihydroxybiphenyl dioxygenase from Rhodococcus jostii RHA1 (Q9KWQ8); 
Orf20pB7-2, 2,3-dihydroxybiphenyl dioxygenase from metagenome (AB910529); Mpc2CUPNE, 
catechol 2,3-dioxygenase II from Cupriavidus necator JMP134 (P17296).  
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Fig. 4-15. pUC18_Orf20 E. coli DH5α  
CAT: catechol, 3mCAT:3-methylcatechol, 4mCAT:4-methylcatechol, 4cCAT:4-chlorocatechol, DHBP: 
2,3-dihydroxybiphenyl 






























Fig. 4-16. Orf20  
lane 1, Marker 
lane 2, His-tagged Orf20 
  
M       1 



















Fig. 4-17.  
pB7-2 G7K2 0.05 mM
30 300 rpm 20 GC-MS
(pKS13S ) (%)








































(5) Illumina GA IIx pB6-2 pB7-2  







pB7-2 pB6-2 6 DNA
 pB6-2 pB7-2
pB6-2 12 24
(Fig. 4-19) pB6-2 Bradyrhizobium
Mycobacterium
 (Table 4-2, Fig. 4-4) pB6-2
CoA
pB4-2 (Table 1-8)  (500 bp ) 
pB6-2 4862~5394 bp pB6-2 pE12a








Fig. 4-18. Illumina GA IIx pB6-2 pB7-2  
(C) pB6-2  
(D) pB7-2  
DNA 1 100% 































Fig. 4-19. pB6-2 pB7-2  
(C) pB6-2 1 red 3 blue 6 orange 12 green 24
black (orf9)  
(D) pB7-2 1 red 3 blue 6 orange 12 green 24
black (orf22)   
5 kb
5 kb
1    2   3    4   5       6     7       8
5 kb
1     2    3   4     5      6     7        8       9     10         12         13              14  15 16    17      19   20  21    22     23      25     26     27










3- 3 (Kato et al., in 
preparation)
Mycobacterium






 (Suenaga et al., 
2009) pB7-2 Illumina
pB7-2
3- (Kato et al., in preparation)
3-
Burkholderia Pseudomonas
 (Kato et al., in preparation) 
 
(2) pB6-2 pB7-2 CoA  
CoA β
(Kimura et al., 2010; Matsubara et al., 1989)
BEC protein
 118 
(Drewlo et al., 2001)
CoA 
(Fig. 4-20)
pB6-2 pE12a CoA Burkholderia sp. JT1500  
2- nmoA 65% 68%
pB7-2 Bacillus isronensis B3W22 flavin-dependent monooxygenase
35% Kimura Ralstonia 
eutropha H16 CoA 59%
(M103 M123) (Fig. 4-20) 4-










IcpAM103, indole-oxidizing monooxygenase from sludge metagenome (AB362368) ; IcpAM123, 
indole-oxidizing monooxygenase from sludge metagenome (AB362369); ACADBRAOR, putative 
acyl-CoA dehydrogenase from Bradyrhizobium sp. ORS278 (CAL76148) ; BECBRAJA110, BEC 
protein from Bradyrhizobium japonicum USDA110 (Q89HB0); AcdApB6-2, acyl-CoA 
dehydrogenase/indole oxygenase from metagenome (AB910528), BECRHB2150, BEC protein 
from Rhodobacterales bacterium HTCC2150 (WP_008184603); BECCNEHF39, BEC protein from 
Cupriavidus necator HF39 (AAK38074); ACADRALH16, acyl-CoA dehydrogenase from 
Ralstonia eutropha H16 (Q0K7Y5); NMOBURKJT, 2-Naphthoate monooxygenase from 
Burkholderia sp. JT1500 (Q7X3F4); ACADSARCNS, type 2 acyl-CoA dehydrogenase from 
Salinispora arenicola CNS-205 (YP_001539439); ACADBRAJA11, acyl-CoA dehydrogenase from 
Bradyrhizobium japonicum USDA11 (Q89G93); ACADCAUK31, type 2 acyl-CoA dehydrogenase 
from Caulobacter sp. K31 (YP_001684284); ACADBACE, acyl-CoA dehydrogenase from 














































from Geobacillus kaustophilus (Q5KZ60); ACADRCAST, putative acyl-CoA dehydrogenase from 
Roseiflexus castenholzii DSM 13941 (YP_001430303); AcdApB7-2, type 2 acyl-CoA 
dehydrogenase/indole oxygenase from metagenome (AB910529); ACADPSM1, type 2 acyl-CoA 
dehydrogenase from Pseudomonas sp. M1 (WP_009623013); ACADBRUKLB, acyl-CoA 
dehydrogenase from Burkholderia xenovorans LB400 (YP_557013); ACADARAK84, putative 
acyl-CoA dehydrogenase from Agrobacterium radiobacter K84 (NP_396585).  
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5  












pA6-1 pA20 in vitro 











(pB5-1 pB6-2 pB7-2) in vitro
 122 
pB5-1 Cupriavidus necator JMP134
92% identity
pB6-2 pB7-2 Bradyrhizobium sp. WSM1253 CoA





B. phymatum STM815 FAD-dependent pyridine nucleotide-disulfide 
oxidoreductase 93% 92%













Illumina GA IIx pA6-1 pA20
DNA










































(Kimura et al., 2009; van Hellemond et al., 2007) (iii) Psedomonas
Psedomonas
Pseudomonas 
(Li et al., 2005; 
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nahAa 10 nahAc 13
in vitro
nahAa 2  (pB4-1 pB5-1) Cupriavidus nector JMP134
pB5-
23,944 bp 20 open reading frames (ORFs) ORF
orf9-15 C. nector JMP134
65-96% identity orf16 1,2-
93% identity 1  
1 pB5-1 ORF  
 







No. of Amino acids, % Amino acid
pB5-1/relative identity
orf8 10021-10602 TetR family transcriptional regulator 193/193 98 Ralstonia pickettii DTP0602
orf9 11434-13059 NtrC family of transcriptional activator 541/540 96 Cupriavidus necator JMP134
orf10 13401-13643 cofactorless  protein 80/84 67 Wautersia numadzuensis TE26
orf11 13726-14724 phenol hydroxylase large subunit 332/340 93 Cupriavidus necator JMP134
orf12 14742-15023 cofactorless activator protein 93/90 97 Wautersia numadzuensis TE26
orf13 15058-16683 phenol hydroxylase large subunit 541/530 94 Cupriavidus necator JMP134
orf14 16713-17075 phenol hydroxylase small subunit 120/120 91 Cupriavidus necator JMP134
orf15 17116-18174 FAD-containing reductase component 352/352 95 Wautersia numadzuensis TE26
orf16 18214-19131 catechol 1,2-dioxygenase 305/305 93 Cupriavidus necator JMP134
orf17 19437-19961 hypothetical protein 174/176 79 Cupriavidus necator H16
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